We applied dynamic force microscopy in a liquid environment to silanized and derivatized glass surfaces, InGaAs, as well as to biological materials such as hexagonally packed intermediate layers of deinococcus radio&ram.
I. INTRODUCTION
Scanning probe methods (SPM) have the potential to become important techniques for structural analysis of biological samples in direct space. The biological specimen can be probed in sifu without intense sample preparation. Scanning tunneling microscopy (STM) ' and scanning force microscopy in the contact mode (SFM) have shown the successful application of these SPM techniques for investigating biological objects such as DNA and two-dimensional (2D) protein array membranes.2-7 The extension of SFM to liquids allows investigation of soft biological materials in their natural environment. 2'8'9 Additionally, the strong repulsive interaction forces always present during SPM measurements in air can be minimized by choosing adequate liquids." In situ investigations of adsorbed molecules should allow observation of their biochemical functions leading to a more complete and general understanding of biochemical structures and processes. The key for such a successful experiment is the minimization of the normal and lateral interaction force components in order to probe the biological specimen at highest resolution. Thus, dynamic force microscopy was introduced for nondestructive and reliable operation on soft biological materials." V'2 In contrast to conventional SFM where the sample is probed by short-range repulsive interaction forces, noncontact scanning force microscopy'3"4 or dynamic force microscopy (DFM) allow the investigation of many types of samples nondestructively by long-range attractive forces. The operation of the DFM in a liquid environment'2"5 is prerequisite for the investigation of very soft biological matter in its natural conformation, i.e., in aqueous or in buffer solution.
In this article we report on DFM investigations in a water environment. Results on InGaAs,t6 silanized and derivatized glass surfaces, and hexagonally packed intermediate protein layers (HPI) are presented. Furthermore, we analyze and discuss cantilever resonance curves and "force versus distance"17 curves measured under ambient and liquid conditions.
II. EXPERIMENT
In contrast to conventional SFM where quasi-static deflections of a soft cantilever are measured, in DFM a stiffer cantilever is dynamically driven close to its mechanical resonance frequency f. by l-3 nrn.11,12 The cantilever motion is commonly detected either by cantilever deflection or interferometry readouts. Force gradients resulting from various interaction forces between tip and sample, such as van der Waals, electrostatic, or magnetic forces, detune the mechanical resonance system, according X d(c-F')lmea, to f()=(l/27r) where F' , c, and mea denote force gradient, cantilever spring constant, and effective mass of cantilever, respectively. Depending on the Q value of the resonance, frequency detection is mostly applied in vacuum (Q-50 000) whereas amplitude detection is used in DFM experiments under ambient conditions (Q<lOOO) and under liquids (Q-20). For our measurements in an aqueous environment we either use lock-in technique or a rectifier (rmsto-dc converter) for amplitude detection. In contrast to the lock-in technique where amplitudes are measured at a certain reference frequency, a rectifier converts all amplitude contributions in a large frequency window (in our setup: 30 kH.z-2 MHz). One qualification is that not only force gradients affect the cantilever amplitude; damping effects resulting from, e.g., hydrodynamic interaction have to be taken into account as we11.18
All data presented here were taken using microfabricated rectangular Si cantilevers with integrated tips ( fo-400 kHz, c=60-100 N/m)19 that have been modified in some cases with contamination tips.20
For measurements in liquid environment the cantilever was immersed into nanopure water.21 However, we also worked in buffer solution, but no significant difference was perceptible. All data presented in this work is untreated.
III. RESULTS AND DISCUSSION
InGaAs surfaces were investigated with the DFM in air and in liquids. The cantilever was thereby driven just above its lowest resonance frequency (368 kHz) and in some cases at its second harmonic (1.19 MHz). The measurements at the second harmonic oscillation did not reveal any difference. cantilever amplitudes (<2 nm) have to be chosen for proper noncontact mode measurements. The dynamical properties of the sensors were determined by driving the cantilever with a white noise signa123 and by Fourier analyzing the cantilever photodetector signal. The resonance frequency and the Q factor were determined by fitting the experimental data with a calculated resonance curve. In Fig. 3(c) we present the frequency spectrum of a typical Si cantilever in air. The measured lowest resonance frequency was found to be at 368 kHz with a calculated Q factor of -500. Upon immersing the cantilever into water [ Fig. 3(d) ], the resonance frequency decreased to 195 kHz while the Q factor was strongly reduced to 20-30. The change in frequency and Q factor mainly results from an increase of the effective mass of the cantilever24 and damping effects."
In summary, we operated the dynamic force microscope in a water environment and applied it to glass and InGaAs surfaces, and to HP1 protein layers. We determined the vertical and lateral resolution limits to be CO.1 nm and -2 nm (air); and CO.1 nm and 7-10 nm (water). We showed that this gentle technique allows careful and highly reproducible investigation of these materials at a very high resolution with minimized lateral force components.
The in situ DFM investigation of HP1 layers under water demonstrates the possibility of applying this noncontact technique to surfaces in their realistic native biological environment. Ongoing work will show the power and reliability of in situ noncontact DFM with respect to investigation of the structure and function of biomaterials.
